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Abstract
Background: Field-evolved pyrethroid resistance has been confirmed in western
corn rootworm (WCR) populations collected from the United States (US) western Corn Belt. Resistance levels of WCR adults estimated in lab bioassays were
confirmed to significantly reduce the efficacy of foliar-applied bifenthrin. The
objective of the present study was to investigate the impact of WCR pyrethroid
resistance levels on the performance of common soil-applied insecticide formulations (23.4% tefluthrin, 17.15% bifenthrin, and 0.1% cyfluthrin+2.0% tebupirimphos). Field trials were conducted in 2016 and 2017 in three Nebraska, US,
counties (Saunders, Clay, and Keith) where distinct levels of WCR susceptibility
topyrethroids (susceptible, moderately resistant, and highly resistant) had been
previously reported in adult and larval bioassays.
Results: All soil insecticide treatments effectively protected maize roots from a pyrethroid-susceptible WCR population at Saunders. In contrast, the efficacy of bifenthrin and tefluthrin soil insecticides was significantly reduced at Clay and Keith,
Published in Pest Management Science 76 (2020), pp 827–833.
DOI 10.1002/ps.5586
Copyright © 2019 Society of Chemical Industry, www.soci.org. Published by Wiley. Used by
permission.
Submitted 27 May 2019; revised 29 July 2019; accepted 15 August 2019; published 10
September 2019.
1

SOUZA ET AL. IN PEST MGMT SCI 76 (2020)

2

where pyrethroid-resistant WCR populations were reported. At Keith, where an
additional failure of the cyfluthrin+tebupirimphos soil insecticide was observed,
WCR laboratory dose–response bioassays showed a consistent ∼5-fold resistance
level to the active ingredients bifenthrin, tefluthrin, and cyfluthrin.
Conclusion: The efficacy of common soil insecticides used in the US for WCR management was significantly reduced in populations exhibiting relatively low levels
of WCR pyrethroid resistance. Using a multitactical approach to manage WCR
within an integrated pest management framework may mitigate resistance evolution and prolong the usefulness of WCR insecticides within the system.
Keywords: Diabrotica virgifera virgifera, western corn rootworm, insecticide resistance, pyrethroid resistance, soil insecticides, resistance management

1 Introduction
The western corn rootworm (WCR), Diabrotica virgifera virgifera
LeConte, (Coleoptera: Chrysomelidae) is a major pest of maize, Zea
mays L., in the United States (US).1–3 Adult WCR may adversely affect maize pollination by severe silk clipping,4 although the most significant damage is caused by larvae feeding on maize roots.5,6 Yield
loss from root injury or from subsequent plant lodging is highly variable and influenced by a number of biotic and abiotic factors, such
as maize hybrid, environmental conditions, WCR density, and management practices.7–9 Root injury equivalent to one node of roots destroyed was associated with a 9.7–12.2% yield reduction across hybrids tested under irrigation in Nebraska.9 For non-irrigated corn in
Illinois, studies suggest that 15.2–17.9% yield loss may occur for each
node of roots destroyed by WCR larvae.10,11 Current methods to protect maize from WCR injury include maize rotation with a nonhost
crop, transgenic maize producing rootworm-specific Cry toxins, and
soil- or foliar-applied insecticides.5,12,13 However, local socioeconomic
conditions may dictate that some methods are not practical to implement. For example, in the US western Corn Belt, maize production
under irrigation has often been more profitable than other available
crops, which discourages the adoption of crop rotation. The demand
for maize is high for livestock operations and ethanol production,
leading to higher adoption of continuous maize (maize planted consecutively for two or more years).13–15 This can lead to build-up of WCR
densities, making the annual management of this pest a considerable challenge. Furthermore, changes in pesticide regulations and
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field-evolved resistance to control tactics have limited the options to
manage this important pest in the US.
In the late 1940s, organochlorine insecticides were introduced in
the US and became very popular as soil broadcast applications for
WCR larval control.5,16,17 The widespread use of this insecticide class,
which remains active in the soil for long periods of time, selected for
high levels of WCR resistance to the organochlorines aldrin and heptachlor in parts of the US Corn Belt.16,18,19 In the 1970s, broadcast soil
application of organochlorines was replaced by in-furrow or banded
application of either carbamate or organophosphate insecticides that
were less persistent in the field and primarily protected the root zone
close to the plant stem from rootworm injury.20–23 The combination of
insecticide chemistry and application placement provided a natural
refuge as maize roots that grew outside of the treated zone produced
WCR with little to no exposure to the insecticide, which helped maintain population susceptibility to soil-applied carbamates and organophosphates over time.23,24
An alternative WCR management approach was also adopted in
the western Corn Belt during the 1960s to 1990s, in which aerial application of either carbamate or organophosphate insecticides was
used to suppress adult WCR populations.25–27 This was a stand-alone
management strategy that targeted gravid WCR females to reduce
egg density to a level that would not lead to economic loss in maize
the following season.28 In Nebraska, aerial application of carbaryl or
methyl parathion was common in continuous maize. By 1995, methyl
parathion use reached approximately 30% of total insecticide use per
weight29 and parts of Nebraska had been using the adult management
strategy for up to 20–30 years.26,28 This practice placed annual selection
pressure on adult WCR populations which led to field-evolved carbaryl and methyl parathion resistance26,30,31 and significantly impacted
the performance of some soil insecticides.32 In 1996, the Food Quality Protection Act (FQPA) altered the regulation of pesticides and the
US Environmental Protection Agency (EPA) canceled uses of a number of organophosphate and carbamate insecticides, leaving fewer
options for WCR control.33
Soil insecticides were largely replaced in the 2000s by genetically
engineered maize expressing one or more rootworm-active proteins
derived from Bacillus thuringiensis Berliner (Bt).2,17,34 WCR field-evolved
resistance to commercially available Bt events has been documented
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in some areas of the US Corn Belt since 2009.13,35–40 Consequently, the
use of soil- and foliar-applied insecticides has increased17 to complement Bt traits, to reduce high WCR densities, and to mitigate resistance.13 Because many carbamates and organophosphates had been
removed from the market, there was a shift in insecticide class usage
to pyrethroids such as bifenthrin.41,42
From 2002 to 2014, there was a 40% increase in bifenthrin use on
maize in Nebraska.29 This included soil and foliar applications for WCR
control, and foliar applications targeting spider mites Tetranychus urticae Koch and western bean cutworm Striacosta albicosta Smith.42–44
The selection pressure imposed on maize pests from one or more aerial applications of bifenthrin per crop season led to field-evolved resistance of WCR to bifenthrin in some populations by 2015.42 Laboratory bioassays then revealed WCR cross-resistance to tefluthrin, a
common soil insecticide active ingredient, and that resistance levels
for both pyrethroids were higher for WCR adults than for larvae.45 The
observed level of resistance was great enough to cause significant
reductions in efficacy of formulated bifenthrin when resistant adult
WCR were bioassayed at label rates under simulated aerial application conditions.15 The impact of larval pyrethroid resistance levels on
the field performance of formulated pyrethroid soil insecticides has
not been evaluated. In order to complement a larger project to characterize WCR pyrethroid resistance15,42,45 and to inform WCR management strategies, the present study was designed to (i) evaluate the
efficacy of some commonly used formulated soil insecticides against
WCR in fields with different levels of WCR pyrethroid resistance and
(ii) estimate in the laboratory current susceptibility levels of WCR larvae to the soil insecticide active ingredients.
2 Materials and Methods
2.1 Field performance of formulated soil insecticides
In 2016 and 2017, replicated field trials were conducted in continuous maize to evaluate the performance of soil insecticides at three
geographic locations in Nebraska, US, where different levels of WCR
susceptibility to pyrethroids had been reported.42,45 A Saunders
county field site was selected to test a pyrethroid-susceptible WCR
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population, whereas Clay and Keith county field sites were selected
to test populations that exhibited moderate and high levels of WCR
pyrethroid resistance, respectively. The Keith county locations in 2016
(Keith1) and 2017 (Keith2) were different commercial maize fields, 18
km apart, where annual soil and aerial bifenthrin applications had
been made for 5 years prior to this study. The same locations in Saunders and Clay counties were used each year and are referred to in this
study as Saunders and Clay, respectively. The Saunders site was at the
University of Nebraska Eastern Nebraska Research and Extension Center, and the Clay site was at the University of Nebraska South Central
Agricultural Lab. Saunders was surrounded by a large area of continuous maize that had not received insecticide applications for over 10
years. Bifenthrin had only been included previously at that location
as a soil application in a few small-plot trials. At the Clay site, bifenthrin had only been used in small plot trials but was near commercial
farms where soil- and foliar-applied bifenthrin had been used over
the last decade.
The maize hybrid N65Z-3220 (Agrisure® Viptera™, Syngenta Seeds
Inc., Minnetonka, MN, US) was provided by the manufacturer and
was used in all trials in both years. Seeds contained three Bt genes
for controlling above-ground lepidopteran species (Cry1Ab/Cry1F/
Vip3A) and came treated with Avicta® Complete Corn 250 (Syngenta
Crop Protection LLC, Greensboro, NC, US) that included thiamethoxam (0.25mg a.i./seed). This rate of thiamethoxam provides protection against some seed or seedling feeding insects46 but provides little control of WCR larvae.12,47 Seeds were glyphosate tolerant and did
not contain genetically engineered traits to control rootworms. Standard tillage, irrigation, nitrogenous fertilizer and weed control programs were used each year in all field locations.
Four treatments were tested: (i) untreated control; (ii) 1.17 L ha–1 of
liquid Capture LFR (bifenthrin 17.15%, FMC, Philadelphia, PA, US), (iii)
0.73 L ha–1 of liquid Force CS (tefluthrin 23.4%, Syngenta Crop Protection LLC, Greensboro, NC, US), and (iv) 8.20 kg ha–1 of granular Aztec
2.1G (cyfluthrin 0.1%+tebupirimphos 2.0%, AMVAC, Newport Beach,
CA, US). The fourth treatment was included as a positive control due
to the presence of an organophosphate (OP) in the formulation. Liquid insecticides were prepared in tap water for a 46.77 L ha–1 carrier
volume rate. All insecticides were applied in-furrow at planting with
four replicates randomized in four blocks. Each replicate consisted of
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a four-row plot 10 m long with 0.76m row spacing (74–79 000 seeds
ha–1). When peak larval feeding was reached at each location (same
WCR phenological period), five plants were randomly dug from the
central two rows of each plot, labeled, and taken to a root-washing
facility. Peak larval feeding was determined by preliminary larval sampling and presence of pupae/adults in the plots of each location. In
2016, roots were dug on July 20 (Saunders), July 15 (Clay), and July 27
(Keith1), whereas in 2017, roots were dug on July 18 (Saunders), July
12 (Clay), and July 25 (Keith2). Roots were washed and rated for rootworm injury using the 0–3 node injury scale (NIS).48 In 2016, singleplant emergence cages49 were placed in all field locations to evaluate
the impact of rootworm larval control obtained from each insecticide
treatment on adult emergence. Three emergence cages were placed
in the central two rows of each plot. Once WCR emergence started,
adults were collected from cages and counted on a weekly basis until
emergence had ended. Adult emergence periods in 2016 were June
28–August 22 (Saunders), June 27–August 11 (Clay), and July 6–October 10 (Keith1).
2.2 Larval laboratory bioassays with insecticide active
ingredients
2.2.1 Chemicals
Analytical standards of bifenthrin, tefluthrin, cyfluthrin, and tebupirimphos were used, which were the active ingredients in the formulated soil insecticides tested in the field. Bifenthrin 98%, cyfluthrin
99.2%, and tebupirimphos 97% were obtained from Chem Service Inc.
(West Chester, PA, US; Cat. Nos. N-11203/CAS 82657-04-3, N-11130/
CAS 68359-37-5, and N-13503/CAS 96182-53-5, respectively). Tefluthrin ≥95% was provided by Santa Cruz Biotechnology, Inc. (Dallas,
TX, US; Cat. No. sc-236965/CAS 79538-32-2). All insecticides were dissolved in acetone ≥99.9% supplied by Sigma-Aldrich Corp. (St. Louis,
MO, US; Cat. No. 650501/CAS 67-64-1) for stock solution preparation.
2.2.2 WCR populations
Four WCR populations were tested in the laboratory at the neonate
larval stage (<36 h old). One pyrethroid-susceptible non-diapausing
lab population (Lab) provided in 2017 by Crop Characteristics, Inc.
(Farmington, MN, US) and three populations originally collected in
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August 2016 as adults from cornfields in Nebraska, US were used. At
least 600 WCR adults were collected from each field population. The
population from Saunders was pyrethroid-susceptible, whereas populations from Keith1 and Keith2 were pyrethroid-resistant.15 Adults collected in 2016 were taken to the Department of Entomology at the
University of Nebraska-Lincoln, Lincoln, NE, US and maintained there
under standard rearing procedures.13 Eggs obtained from field-collected populations were held for 1 month at 25±1∘C then maintained
in a growth chamber at 8 ±1∘C in diapause for 4–5 months before
transferring to 25±1∘C to facilitate post-diapause egg development.
All field collections were allowed by the property owners.
2.2.3 Bioassays
In 2017, dose–response bioassays were performed with insecticide analytical standards to estimate the susceptibility of WCR larvae
to the active ingredients of commercial soil insecticides. Filter papers
obtained from Thermo Fisher Scientific Inc. (Waltham, MA, US) (Whatman™ grade 1, circles 42.5 mm, Cat. No. 1001–042), were placed inside sterile Petri dishes purchased from VWR International (Radnor,
PA, US) (9.0mm height × 50.0mm diameter; Pall Corporation, Port
Washington, NY, US; Cat. No. 25388–606) and treated with increasing
concentrations of bifenthrin, tefluthrin, cyfluthrin, and tebupirimphos
following methods described in previous research.42,45,50 For a negative control, filter papers were treated with purified water only. Insecticide stock solutions prepared in acetone were adjusted with purified water into five to eight concentrations considering the solubility
parameters of each compound. The number of insecticide concentrations used to test each population varied depending on the number of WCR larvae available. A volume of 150 μL insecticide solution
was homogeneously applied on each filter paper with a pipette and
each concentration was replicated three times. Treated filter papers
were allowed to dry at room temperature for 15min to prevent condensation on the Petri dishes once closed. A group of 20 WCR larvae
were then carefully transferred to each Petri dish using a fine camel
hair paintbrush. Petri dishes were then closed and maintained in the
dark at a temperature of 23±1 ∘C. Larval mortality was recorded at 24
h after infestation. Larvae that did not respond to gentle prodding or
were unable to move around the filter paper area consistently were
considered dead.
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2.3 Statistical analysis
Node injury scores recorded from plants dug from each plot followed
a continuous distribution within the restricted interval of [0,3]. Continuous proportion data that do not extend to +/− infinity (like a Normal
distribution) and are restricted by a specific positive interval may fit a
Beta-binomial distribution with continuous values within the restricted
interval of [0,1].51,52 Thus, 0–3 root rating values obtained were divided
by three to obtain a 0–1 proportional injury and were analyzed with a
Beta-binomial distribution. To estimate soil treatment effects on adult
WCR emergence in 2016, the total number of beetles emerged from
each plot was analyzed with a Negative-binomial distribution. Emergence count data are discrete integer values that show over dispersion
(variance greater than the mean) following the aforementioned distribution premises.52–54 Root ratings and adult emergence data were evaluated using their correspondent distribution logit link functions with a
generalized mixed model in SAS 9.4 software (SAS Institute, Cary, NC,
US). A randomized complete block experimental design (RCBD) with 3
× 4 factorial treatment design was used. The three field locations and
the four soil treatments were adopted as fixed factors in the statistical
model. Random blocks were nested within each field location. Multiple
comparison of treatment means was performed using Fisher’s least significant difference procedure at significance level α = 0.05. A separate
analysis was conducted per year because different Keith locations were
used each year and WCR larval pressure was variable per site and year.
To evaluate the susceptibility of WCR larvae to insecticide active
ingredients in the laboratory, the LC50 values of different populations
were estimated by probit analysis. Mortality data for each insecticide
concentration tested was analyzed using the POLOPlus-PC software
algorithm (LeOra Software LLC) that corrects for natural control mortality using Abbot’s formula55 and conducts analyses with a probit
function and Normal distribution.56–59 The probit procedure also performed a Pearson goodness-of-fit test between observed data and
expected regression lines, and estimated resistance ratios (RR50) with
correspondent 95% confidence intervals between LC50 values of field
and lab populations. When RR50 confidence intervals between pyrethroid-susceptible (Saunders) and pyrethroid-resistant (Keith1 and
Keith2) field populations overlapped, a test of equality of slopes and
intercepts of regression lines was performed using the same software,
and the statistical significance estimated at α = 0.05.59
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3 Results
3.1 Field performance of formulated soil insecticides
A significant treatment by field interaction effect on root injury each
year indicated that insecticide treatments performed differently depending on field location (2016: F6,27=4.60, P=0.0024; 2017: F6,27=5.33,
P=0.0010). Overall, significantly lower mean root injury was observed
in both years for all soil insecticides tested at Saunders and Clay relative to untreated control plots (Fig. 1). Conversely, mean root injury
in each soil insecticide treatment at Keith1 and Keith2 was not significantly different from mean injury in respective untreated control treatments (Fig. 1). Root rating means of all treatments tested at Keith1
and Keith2 were consistently within the 0.8–1.7 range.

Figure 1. Field performance of commercial soil insecticides on larvae of three WCR
populations. Graph presents treatment by field interaction effects on proportional
root injury means ±SE evaluated at three different Nebraska, US field locations in
(A) 2016 (F6,27 = 4.60, P = 0.0024) and (B) 2017 (F6,27 = 5.33, P = 0.0010). Saunders
was a pyrethroid-susceptible population, whereas Clay and Keith populations exhibited moderate and high levels of pyrethroid-resistance, respectively. Means ±SE
across treatments and field locations followed by the same letter are not statistically different (Fisher’s LSD test, P > 0.05).
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At the Clay location, root injury in plots treated with bifenthrin
soil insecticide was significantly greater than injury in cyfluthrin+OP
treated plots each year (i.e. 43% and 26% greater in 2016 (P=0.0038)
and 2017 (P=0.0212), respectively). Mean root injury in the bifenthrin
treatment was significantly greater than mean injury in the tefluthrin
treatment during 2017 (P=0.0057) but not during 2016 (P=0.0937).
Also, mean injury in the tefluthrin treatment was not significantly
greater than mean injury in the cyfluthrin+OP treatment in either
year (2016: P=0.1047; 2017: P=0.4866).
The analysis of mean WCR adult counts collected in single-plant
emergence cages during 2016 (Fig. 2) indicated no significant treatment by field interaction effect (F6,27=0.83, P=0.5601) or overall insecticide treatment effect (F3,33=1.87, P=0.1540) on beetle emergence. Significantly higher mean WCR adult emergence per plot was recorded
at Saunders than Clay and Keith1 (Fig. 2).

Figure 2. 2016 WCR adult emergence at three Nebraska, US field locations where
soil insecticide trials were conducted. Graph presents mean number of beetles ±SE
collected from three single-plant emergence cages per plot for treatment by field
combinations (bars) and for field locations across treatments (above bars). The effects of treatment by field interaction (F6,27 = 0.83, P = 0.5601) and overall insecticide treatment (F3,33 = 1.87, P= 0.1540) were not significant on adult emergence.
Mean adult emergence was significantly greater at Saunders than at the other two
sites (F2,9 = 71.61, P < 0.0001). Field location overall means followed by the same
letter were not statistically different (Fisher’s LSD test, P> 0.05).
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3.2 Larval laboratory bioassays with insecticide active
ingredients
Probit analysis of concentration-mortality regressions effectively estimated susceptibility levels of WCR larvae to soil insecticide active
ingredients (Table 1). Populations from Keith1 and Figure 2. 2016
WCR adult emergence at three Nebraska, US field locations where
soil insecticide trials were conducted. Graph presents mean number
of beetles ±SE collected from three single-plant emergence cages per
plot for treatment by field combinations (bars) and for field locations
across treatments (above bars). The effects of treatment by field interaction (F6,27 = 0.83, P = 0.5601) and overall insecticide treatment (F3,33 =
1.87, P = 0.1540) were not significant on adult emergence. Mean adult
emergence was significantly greater at Saunders than at the other two
sites (F2,9 = 71.61, P < 0.0001). Field location overall means followed
by the same letter were not statistically different (Fisher’s LSD test, P>
0.05). Keith2 consistently exhibited reduced susceptibility to all three
Table 1. WCR larval susceptibility of pyrethroid-susceptible (Lab, Saunders) and pyrethroid-resistant (Keith1,
Keith2) populations estimated in 2017 for the active ingredients of commercial soil insecticides.
Insecticide

Population

Na

Slope±SE

LC50 (95%CI)b

χ2 (df )

RR50 (95%CI)c

Bifenthrin

Lab
Saunders
Keith1
Keith2

241
303
366
634

3.98 ±0.58
3.84 ±0.51
1.95 ±0.19
1.57 ±0.17

0.88 (0.76–0.98)
2.78 (2.32–3.21)
4.12 (3.29–5.04)
3.82 (2.87–4.89)

0.32 (2)
1.72 (3)
1.44 (4)
1.52 (4)

3.13 (2.54–3.86)
4.64 (3.60–5.97)
4.30 (3.20–5.79)

Tefluthrin

Lab
Saunders
Keith1
Keith2

302
240
420
421

9.74 ±1.24
6.86 ±0.76
10.42 ±1.96
5.04 ±0.59

0.54 (0.50–0.57)
1.18 (1.10–1.27)
2.92 (2.10–3.25)
2.21 (1.86–2.49)

2.92 (3)
1.93 (2)
7.46 (5)
6.20 (5)

2.18 (1.98–2.41)
5.41 (4.81–6.09)
4.10 (3.65–4.61)

Cyfluthrin

Lab
Saunders
Keith1
Keith2

300
298
301
243

2.35 ±0.29
1.21 ±0.19
1.28 ±0.15
1.13 ±0.20

3.31 (2.65–4.06)
2.29 (1.52–3.11)
19.42 (13.43–26.79)
14.11 (7.42–21.0)

2.34 (3)
1.10 (3)
0.66 (3)
1.13 (2)

0.68 (0.45–1.03)
5.78 (3.85–8.68)
4.20 (2.47–7.14)

Tebupirimphos

Lab
Saunders
Keith1
Keith2

423
429
241
240

11.32 ±1.11
9.38 ±0.80
17.50 ±2.16
7.66 ±1.01

0.44 (0.42–0.46)
0.38 (0.36–0.40)
0.52 (0.50–0.53)
0.66 (0.60–0.72)

4.14 (5)
4.22 (5)
1.47 (5)
1.38 (5)

0.86 (0.81–0.92)
1.17 (1.11–1.23)
1.51 (1.36–1.67)

a. Number of insects tested.
b. ng cm–2.
c. Resistance ratios relative to a pyrethroid-susceptible laboratory population (Lab).
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pyrethroid insecticides tested. Resistance ratios (RR50) of Keith populations for bifenthrin, tefluthrin, and cyfluthrin were all near 5-fold. Although RR50 confidence intervals of Saunders overlapped with those
of Keith populations for bifenthrin, they were found to be significantly
different in the test of equality of slopes and intercepts (Keith1: χ2 (d.f.)
= 30.71(2), P < 0.0001; Keith2: χ2 (d.f.) = 37.41(2), P < 0.0001). RR50 values
of Keith populations estimated for tebupirimphos were all <2-fold
and their confidence intervals did not overlap with those estimated
for Saunders and Lab populations.
4 Discussion
This study confirms that a relatively low level of WCR pyrethroid resistance detected in laboratory bioassays15,42,45 significantly reduces the
performance of formulated soil-applied pyrethroid products in the
field. A study that analyzed over a decade of research at multiple US
maize-producing sites indicated that nearly 86% less root injury occurred in conventional maize when a soil insecticide was applied in
addition to a standard low-rate seed treatment.60 Similar results were
observed at Saunders in this study, as treatments tested on the WCR
pyrethroid-susceptible population provided 70–86% less root injury
than observed in untreated control plots. In contrast, the performance
of commercial pyrethroids bifenthrin and tefluthrin was significantly
reduced at Clay and Keith sites, which were previously confirmed15,42
to contain pyrethroid-resistant WCR populations. Particularly at Keith1
and Keith2, the range of mean root injury ratings consistently observed for all treatments tested was at a level that is often associated
with significant yield loss.7–11,48
The results presented here confirm the ∼5-fold pyrethroid crossresistance between bifenthrin and tefluthrin previously detected in
WCR larvae,42,45 and also report a similar level of WCR resistance to
cyfluthrin, which is structurally classified as a Type II pyrethroid by the
presence of a α-cyano group.61,62 Cross-resistance between Type I and
Type II pyrethroids does not always occur.63 When it does, it is commonly associated with target site mutations in the voltage-gated sodium channels (kdr mutations),64–67 which was identified previously as
a possible mechanism of WCR pyrethroid resistance.45

SOUZA ET AL. IN PEST MGMT SCI 76 (2020)

13

The control failure of cyfluthrin+tebupirimphos soil insecticide formulation consistently observed in different Keith fields during the
2-year study was unexpected and the reasons for that failure are unclear. Additional experiments are needed to further investigate the
performance of tebupirimphos in a mixture with cyfluthrin on pyrethroid-resistant WCR populations. Cyfluthrin cross-resistance observed in larval bioassays for pyrethroid-resistant Keith populations
could be a factor contributing to the observed field efficacy reduction.
Cross-resistance and synergism studies suggested enhanced metabolism as part of the WCR pyrethroid resistance mechanism,45 which
could mutually affect the performance of structurally related insecticides, such as pyrethroids and organophosphates. A laboratory investigation of both Keith populations revealed a decreased susceptibility
of pyrethroid-resistant WCR adults to the organophosphate dimethoate.15 Examination of the activity of the main detoxification enzymes
in pyrethroid-resistant WCR may clarify the magnitude of enhanced
metabolism possibly contributing to the resistance trait observed.
Another factor, along with potential resistance, that could have contributed to poor tebupirimphos efficacy at the Keith locations was soil
pH. Soil pH at Clay and Saunders was generally in the 6.3–6.8 range
while pH was highly alkaline in Keith County (7.8–8.4). High pH can
expedite degradation of organophosphate insecticides,22,68,69 which
may reduce the actual exposure dose when WCR larvae are present.
However, documentation of a cyfluthrin+tebupirimphos formulation
failure in southwestern Nebraska is unusual, as this product has been
effectively used as a positive control in previous field trials, including
locations where soil pH is high.70 Additional research on the persistence of tebupirimphos would be needed to clarify if pH contributed
to the poor efficacy observed at Keith1 and Keith2.
Although there was no significant effect of soil insecticides on adult
WCR emergence, the highest emergence averaged over all treatments
was observed at Saunders, where insecticide treatments significantly
reduced root injury. The adult emergence data collected supports
previous studies24,71 that showed an inconsistent effect of soil insecticides on adult emergence. In-furrow or banded placement of soil insecticides was designed to protect the main maize root mass from
larval injury and prevent lodging, but, because of the built-in untreated refuge between rows, a considerable number of larvae may
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complete development to the adult stage.71 Previous investigations
suggest that adult emergence is reduced only when a high larval population is reached and density dependent mortality occurs.72 The resistance levels present at Clay and both Keith sites may have led to
greater larval survival and more density-dependent larval mortality
than present at the Saunders site, leading to greater adult emergence
at Saunders.72–74 Therefore, although excellent root protection was provided at Saunders, soil insecticide treatments did not manage the local WCR population.
This study is one of only two known cases where the efficacy of
WCR soil insecticide active ingredients in lab bioassays and/or formulated products applied in-furrow or banded over the row at planting
was reduced by WCR resistance. In each case, resistance appeared
to evolve by selection for resistance in adults with foliar applications,
leading to reduced efficacy of one or more soil insecticides targeting
WCR larvae. In this study, adult selection with pyrethroids adversely
affected larval control with pyrethroids and possibly an organophosphate. In a previous study, adult selection with the organophosphate
methyl parathion negatively impacted larval control with the pyrethroid tefluthrin and organophosphates methyl parathion and carbofuran.32 In areas of the US Corn Belt where foliar applications have
not been commonly used, WCR resistance evolution has never been
documented to soil insecticides applied in-furrow or banded over the
row. Insecticide resistance evolution attributed to direct selection of
WCR larvae has only been documented when the persistent soil insecticides in the organochlorine class were broadcast-applied during
the 1950s and 1960s.16,18,19
In conclusion, this study revealed that relatively low levels of WCR
pyrethroid resistance estimated in the lab may be sufficient to cause
control failure of commonly used pyrethroid soil insecticides in the
field. The reduced field performance of soil applied bifenthrin, tefluthrin, and possibly cyfluthrin in southwestern Nebraska significantly
restricts the insecticide options left there to protect maize roots from
pyrethroid-resistant WCR.42 Rotation of crops, plant-incorporated rootworm-active traits, and insecticide modes of action within an IPM
framework is the current recommendation to manage pyrethroid-resistant WCR populations. Since evidence collected to date supports
the conclusion that adult WCR selection is impacting resistance levels
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expressed in the larval stage,15,42,45 foliar applications of insecticides
on maize should be used wisely15,75 to prolong the efficacy of soil insecticide compounds available and to delay the evolution of WCR insecticide resistance.
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